Dimerization of genomic RNA is a key step in the retroviral life cycle and has been postulated to be involved in the regulation of translation, encapsidation and reverse transcription. Here, we have derived a secondary structure model of nucleotides upstream from * and of the gag initiation region of Mo-MuLV RNA in monomeric and dimeric forms, using chemical probing, sequence comparison and computer prediction. The 5' domain is extensively base-paired and interactions take place between U5 and 5' leader sequences. The U5-PBS subdomain can fold in two mutually exclusive conformations: a very stable and extended helical structure (E form) in which 17 of the 18 nucleotides of the PBS are paired, or an irregular three-branch structure (B form) in which 10 nucleotides of the PBS are paired. The dimeric RNA adopts the B conformation. The monomeric RNA can switch from the E to the B conformation by a thermal treatment. If the E to B transition is associated to dimerization, it may facilitate annealing of the primer tRNA Pro to the PBS by lowering the free energy required for melting the PBS. Furthermore, dimerization induces allosteric rearrangements around the SD site and the gag initiation region.
INTRODUCTION
The 5' non translated region of Moloney murine leukemia virus (Mo-MuLV) RNA can be subdivided into different elements. The repeat sequence R of 68 nucleotides, present at both ends of the RNA, is thought to mediate the 5 '-3' jump of reverse transcriptase during the synthesis of the minus strand DNA. The U5 region (nucleotides 69 to 145) is unique and is directly followed by the primer binding site (PBS) which is complementary to the 3' terminal 18 nucleotides of tRNA 1^0 , the replication primer of Mo-MuLV (1). The leader sequence, which extends from the PBS to the AUG initiation codon of gag, includes the 5' splice donor site (SD) (nucleotide 205) and a domain termed ( nucleotides 215 to 565). This element is necessary and sufficient for packaging (2) (3) , with regard to * + that contains a portion of gag sequence responsible for improved packaging (4) . ^ also contains a cis element required for RNA dimerization (2-3, 5-6). Dimerization of genomic retroviral RNA represents an essential feature since all known genomic RNAs are packaged as dimers in virions (7) . Dimerization and encapsidation of the genomic RNA are regulated by the same trans acting factor, the nucleocapsid protein (6, (8) (9) (10) . The dimeric nature of the genomic RNA is also closely associated with interstrand switching during reverse transcription (11) (12) (13) generating genetic recombination (14) .
Spontaneous dimerization, in the absence of nucleocapsid protein, can be obtained with in vitro synthesized RNA fragments of Mo-MuLV (15) (16) and HIV-1 (17) (18) under defined salt and temperature conditions. The conformation of ^ was probed in the monomeric and dimeric forms of a Mo-MuLV RNA fragment encompassing nucleotides 1 to 725 (16) . ¥ was found to fold into an independent and highly structured domain and dimerization-induced reactivity changes were localized in defined areas, suggesting that dimerization results in allosteric transitions. Last, but not least, our reactivity data were found to be in close agreement with those obtained within the virions (19) . In the present work, we probed the conformation of the regions upstream and downstream of *, containing the 5' functional elements (R, U5, PBS, SD) and the gag initiation region, respectively. Since these elements are involved in key steps of the retroviral cycle, it is of particular interest to gain precise information on their conformation and on possible structural effects of dimerization. Indeed, stable secondary structures, most likely including U5, PBS and leader sequences, could be observed by electron microscopy in Rous sarcoma virus (RSV) and Mo-MuLV RNA (20) . Furthermore, secondary structure elements, including U5 and leader sequences around the PBS, were proposed to be required for efficient initiation of reverse transcription in RSV (21) (22) . U5 sequences from Mo-MuLV RNA were also shown to be involved in packaging and reverse transcription (23) . The present work shows that the 5' domain is highly structured and that nucleotides from U5, PBS and 5' leader display the ability to fold into two alternative structures (E or B) in their monomeric form. However, the dimer only adopts in the B conformation. Furthermore, dimerization probably induces allosteric transitions in the SD site and the gag initiation regions, that may be important for viral functions.
MATERIALS AND METHODS
Preparation of monomeric and dimeric RNA fragments Fragment 1 -725 was obtained by in vitro transcription as previously described (15) . RNA was first denaturated at 90°C for 2 min and chilled on ice for 2 min. Monomers and dimers were obtained as previously described (15) (16) by incubating the RNA fragment in the appropriate buffer for 30 min at 20 and 50°C, respectively. Alternatively, the procedure involves a 20 min incubation at 70 C C (in the appropriate buffer lacking magnesium) after the 90 °C treatment and prior to incubation at 20 or 50°C. The formation of monomer or dimer RNAs was verified by agarose gel electrophoresis as described in (16) .
Chemical modifications
Probing with dimethylsufate (DMS), with l-cyclohexyl-3-(2-morpholinoethyl) carbodiimide metho-p-toluene sulfonate (CMCT) and with diethylpyrocarbonate (DEPC) was conducted exactly as described in (16) . Primer extension was from three oligonucleotides complementary to nucleotides 186-200, 336-350 and 636-650 of the Mo-MuLV RNA. Elongation controls were run in parallel in order to detect nicks in the RNA template or pauses during reverse transcription.
RESULTS

Experimental strategy
The 5' terminal region containing the PBS and the SD site (nucleotides 1-220) and the gag initiation region (nucleotides 555-625) were probed at nucleotide resolution. Probing experiments were conducted on a RNA fragment starting at +1 and containing the first 725 nucleotides of Mo-MuLV RNA. We carefully avoided the presence of any additional nucleotides from the plasmid (e.g. polylinker sequences between the transcription start and the restriction site used to insert the fragment), since artifactual structures could result from such chimeric RNAs.
According to the standard procedure, dimers and monomers were obtained by incubation of the heat-denaturated RNA transcript at 50°C in 'dimer' buffer (containing 5 mM MgCl 2 and 300 mM KC1) or at 20°C in 'monomer' buffer (containing 5 mM MgCl 2 and 40 mM KC1), respectively (15) (16) . In an alternative procedure, the RNA was incubated at 70°C after thermal denaturation and before the 50 c C or the 20°C incubation. This transient incubation is necessary to quantitatively hybridize the primer tRNA 1 "™ to the PBS (to be published elsewhere). Monomer and dimer RNAs were verified by electrophoresis on agarose gel. Routinely, dimerization efficiency reached 90 to 95 % and the monomer was basically 100% monomeric, whether the transient 70°C incubation step was carried out or not. No appreciable amounts of multimers were observed. Each nucleotide was probed at one of its Watson-Crick positions (A(N1) and C(N3) with DMS, G(N1) and U(N3) with CMCT, and adenines at N7 with DEPC)). All probing experiments were repeated several times. Representative gels are shown in figures 1-2 and results reflecting several independent experiments are summarized in Table 1 . The strategy used for constructing a secondary structure model was the same as that previously described (16, 24) . The construction was assisted by computer prediction allowing to generate optimal and suboptimal foldings (25) . The secondary structure motifs consistent with reactivity data were selected and the folding program was run again, forcing the selected secondary structure elements to be integrated. After several cycles of refinement, a general secondary structure model could be proposed. As an additional criterion, comparative analysis of the RNA sequences of related murine retroviruses was used to check the validity of the proposed model. A tentative alignment of the RNA sequences from several murine viruses is shown in Figure 3 . However, it should be noted that the structure of retroviral RNAs is not as tightly constrained as in other RNAs (rRNAs, tRNAs). Strict covariations are rarely observed, while secondary structure motifs with similar features and stability are maintained (16, 24) . In what follows, the RNA will be divided into three subdomains: (i) the 5' domain containing sequences from R, U5, PBS and 5' leader (nucleotides 1-200); (ii) the ¥ junction, containing the ¥ flanking sequences and including the SD site; (iii) the gag initiation region.
The 5' domain
The RNA dimers formed by either the standard procedure or through the transient 70°C incubation step displayed undistinguishable reactivity patterns. However, in the case of RNA monomers, the RNA obtained after the transient 70 c C step (B monomer) displays the same reactivity pattern as the dimer RNA, while the RNA obtained by the standard procedure (E monomer) shows striking differences (see Fig. 1 and table 1 ). These differences are mainly located in the U5-PBS region. The remainder of the molecule including ^ is essentially unaffected by the thermal treatment (results not shown). Secondary structure models that account for the reactivity patterns of the RNA in the dimer or in the two types of monomers are shown in figures 4, 5a and 5b, respectively.
One obvious secondary structure element is the stable stemloop structure formed by the first 28 nucleotides, that persists in the dimer and in the two monomers (Figs. [4] [5] . It is well conserved in other murine retroviruses, with some sequence variation in the hairpin loop (Fig. 3) .
Another stable stem-loop motif that is found in the dimer as well as in the two monomers involves nucleotides 111 -145. The stem is closed by a four-base loop in which C128 and A129 are highly reactive. However, the reason why U127 and G130 show different degrees of reactivity in the different forms remains unclear. The absence of reactivity of uridines 116, 117, 139 and 140 at N3 suggests that these nucleotides form U-U non canonical base pairs involving N3-O2 and O4-N3 hydrogen bonding. Strikingly, nucleotides in the helix are strongly conserved, while the bulged A122 and nucleotides in the loop are not (Fig. 6a ). This behavior differs from what is generally observed in cell constitutive RNAs (rRNAS and tRNAs), in which conserved nucleotides are generally found in loops or interhelical connecting regions (26) .
In the dimer, as well as in the B monomer, 10 of the 18 nucleotides of die PBS appear to be involved in a stable three branch structure (Figs. 4 and 5b). The branched stem-loop (nucleotides 156-167) is closed by a four base loop in which only U163 shows a substantial level of reactivity, most likely reflecting an organized structure. A similar branched hairpin can be formed in other murine viral RNAs, despite nucleotide substitutions (Fig. 6c) . Consistent with the model, nucleotides CUC154 in the three stem junction are accessible to chemical modification. Nucleotides 77-104 and 168-199 form a long and irregular helix, interrupted by several interior loops or mismatches. The formation of a possible non canonical base pair U89-C185 is suggested by the non reactivity of these nucleotides. This type of C-U pair has recently been seen in the crystal structure of a short duplex RNA (27) . Sequence comparison shows that only a few changes are observed in this helix. It should be noted mat the two terminal pairs G77-C199 and U78-A198 are replaced by G-U and U-G in AKV, FBJ and SFFV RNAs.
In the E monomer, the data are consistent with the formation of an extended helix (79-106/147-172) that is characterized by an extensive pairing of the PBS (Fig. 5a ). This long helical structure displays up to 26 base pairs, including 15 G-C pairs. It contains two bulged residues (G86 and U94) and two non canonical base pairs. The non canonical U89-U163 pair is suggested by the absence of reactivity of these nucleotides and is further supported by its replacement by a canonical A-U pair in several other RNAs (Fig. 6b) . The other non canonical A98-G155 pair is suggested by the absence of reactivity of A98 at N7 (while Nl is reactive). The extended helix is connected to the 111 -145 hairpin by an interior loop containing nucleotides UCUG110 and U146. These nucleotides are all fully reactive and the potential G110-U146 pair probably does not exist. It should be stressed that the E form differs from the B form not only by the degree of pairing of the PBS but also by the general organization of the entire subdomain. Therefore, the common stem-loop motif 111 -145 should probably be found in different topographical contexts.
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The reactivity pattern of the dimeric RN A supports the presence of the long range interactions we previously proposed (209-218/555-564) (Fig. 4) . This helix is most likely flanked by a stem-loop structure involving nucleotides 565-584. The proposed organization appears to be conserved in the other RNAs (Fig. 7b) . Nucleotides 200-206 (containing the SD site) may form a long range interaction with nucleotides 54-61.
The reactivity pattern of the E monomer suggests that the postulated interactions (210-220/561-568) are prolonged by three additional pairs (205-207/570-572), leaving the two reactive A208 and A209 as bulged nucleotides (Fig. 5a ). In this Figure 4 . Secondary structure model proposed for the 5' untranslated region in the dimer. The PBS, the splice donor site (SD) and the gag initiation codon are indicated. * is not shown and is as in (16) . The reactivities at the tested Watson-Crick interactions are denoted by circles and the intensity of reactivity is indicated in the insert (from very weak to strong). Unreactive nucleotides are not denoted and nucleotides whose reactivity was undetermined are indicated by (nd). The reactivity changes monomer versus dimer are indicated: reduction (-) or enhancement (+). The reactivity at A(N7) is not shown. Watson-Crick base pairs are shown by bars, G-U by small bars and the proposed non canonical pairs by (x). The conformation of the boxed regions is unchanged in the dimer and in the two monomer conformers. model, the SD site is located between the first two base pairs of helix 210-220/561-556. An additional helix could form between nucleotides 179-190 and 577-589. This helix contains a single mismatch (C186/U582) and a reactive bulged residue (U579). Nucleotides 192-203 could form a small hairpin closed by three G-C pairs. Most nucleotides connecting the three helices are reactive. The general organization is maintained in the other RNA species (Fig. 7a) . Note that helix 179-190/577-589 cannot occur in the B monomer since nucleotides 179-199 are already paired with U5 sequences. Therefore, two mutually exclusive structures should exist in E and B monomers. A possible folding, involving the formation of two long distance interactions (31-36/557-562 and 63-67/117-221) can be proposed for the B monomer (Fig. 5b) . These interactions could be maintained in the other RNAs (Fig. 7c) . In this folding, the SD site is paired in the stem of a small hairpin involving nucleotides 205-216.
The gag initiation region Region 590-630, which is A-and U-rich, offers several pairing possibilities. In both monomers, the overall high level of reactivity of nucleotides 606-616 is consistent with the existence of a hairpin closed by a 14-base loop including these nucleotides. The hairpin is formed of a composite helix interrupted by a threebase interior loop (Fig. 5) . The upper helix contains almost exclusively A-U and G-U pairs, resulting in some instability, as denoted by a general weak level of reactivity. Note that the AUG initiation codon is paired in this helix. The sequence of Mo-MSV RNA is identical to that of Mo-MuLV in this area, whereas the sequence of the other species highly diverges (Fig. 3) . However, a rather similar stem-loop structure can be constructed (Fig. 7a) .
Dimerization induces a general decrease of reactivity of nucleotides UAUUUGU612 and a weak decrease at A594, U620 and U622 (Fig. 2a-b) . These reactivity changes suggest a rearrangement of hairpin 590-630. The formation of an alternative hairpin with a five-base loop containing GUCUGA617 closed by a composite helix separated by a five-base asymmetric loop should account for the observed reactivity pattern (Fig. 4) . Again, the loop-proximal helix is rich in A-U and G-U pairs and is rather unstable, as denoted by the general weak level of reactivity. The non reactivity of nucleotides UCUGUCUG593 may be explained by pairing with UCGGUAGA(U)G708, located in the gag coding sequence. Sequence comparison supports the possibility of two similar stem-loop structures for AKV, SFFV, FBJ and FBR RNAs, that differs from that proposed for MoMuLV (Fig. 7b) . In these foldings, the gag initiation stem-loop is directly adjacent to the small hairpin analogous to the 565 -584 Mo-MuLV hairpin.
DISCUSSION
The present data demonstrate that the 5' part of Mo-MuLV RNA is highly structured and organized in subdomains associated with different functions. This general organization appears to be conserved in related murine retroviruses. The 5' extremity of the RNA folds in a very stable stem loop structure followed by a more labile region containing the poly A signal. This signal is highy accessible to chemical modification, as already observed in fflV-1 (24) and HIV-2 (28) RNAs.
A highly structured domain is observed in the dimer, containing U5 sequences, the PBS and the 5' leader (the PBS subdomain). Ten of the 18 nucleotides of the PBS are involved in a threebranch structure with U5 sequences. This contrasts with the fact that the PBS of HIV-2 RNA is proposed to be unpaired (28) . The PBS is directly preceded by a stable hairpin (nucleotides 111 -145). This secondary structure motif is most likely analogous to the U5-IR stem of RSV, described by Cobrinik et al., and proposed to be required for the initiation of reverse transcription (22) . Interestingly a stem-loop motif is also found just upstream of the PBS in HTV-1 (24) and in HTV-2 (28). The 5' leader sequence dowstream of the PBS is paired with nucleotides from U5. This stem is analogous to the U5-leader stem proposed by Cobrinik et al. and postulated to be required for the initiation of reverse transcription in RSV (22) . Somewhat different observations stressing the importance of U5 were made in Mo-MuLV (23) . Deletion of nucleotides 128-140 was found to affect reverse transcription, essentially in late events (most likely strong stop DNA translocation or jumping or removal of tRNA by RNase H), while the deletion of nucleotides 116-133 had no effect on reverse transcription or on the viability of the virus. In addition, deletions in the 3' part of U5 (nucleotides 86-96 for the shortest) induced strong defects in packaging (23) , whereas deletions in the 5' half of R did not (29) . However, it
is not yet clear whether these defects are associated with DNA synthesis and it should be stressed that the effect of deletions should be interpreted with caution since they may disrupt secondary and tertiary interactions or induce severe conformational rearrangements in distant parts of the RNA. Note that interactions involving U5 and 5' leader sequences are also present in HIV-1 (24) and HIV-2 (28) RNAs.
Unexpectedly, in the monomer two mutually exclusive conformations are observed in the PBS subdomain, differing by the nature of base pairings between the PBS, sequences in U5 and in the 5' region of the leader. In the first one (E form), the PBS is extensively paired (17 of 18 nucleotides) in a stable and extended helix (26 base pairs). The second one (B form) is the same as in the dimeric form. It should be noted that the B form displays a more irregular structure than the E form, due to the presence of several mismatches and interior loops. The E to B transition can be induced by a thermal treatment. However, it is not yet clear whether an E to B transition is associated with dimerization.
Thus, our results show that the naked PBS subdomain is highly organized and point to an intrinsic versatility of this domain under monomeric conditions. The involvement of the PBS in basepairing was also observed in HTV-1 MAL RNA (12 of the 18 nucleotides of the PBS being involved in a stable four branch domain). However, this stucture was shown to display an unexpected stability and persists even under low salt conditions (24) . Consequently, the annealing of the primer tRNA upstream of the PBS in HTV-1 RNA (Isel, C, Marquet, R., Keith, G., Ehresmann, C. and Ehresmann, B., submitted). In Mo-MuLV, a six nucleotide-sequence (GGGUCU104) shows a potential complementary to the T^C arm of the tRNA 11 ™ primer. This sequence is found base-paired with either PBS or 5' leader sequences in E and B conformation, respectively. The possible occurence of additional contacts between tRNA 1 *™ and Mo-MuLV RNA is presently under investigation. Otherwise, the associated differences in the U5-leader stem and in the topographical context of hairpin 111 -145 (the only common element between the E and B conformers), might be functionally relevant.
Dimerization was found to induce discrete reactivity changes near the SD site, that most likely reflect allosteric rearrangements. Alternatively, it cannot be completely excluded that they should arise from additional contacts outside ¥ between the two RNAs in the dimer. Indeed, the existence of extra dimer linkages has been suggested in the 5' region upstream of the PBS in HTV-2 (32) and in the U5-PBS region of bovine leukemia virus (BLV) RNA (33) . Other reactivity changes are induced upon dimerization in the gag initiation subdomain, mostly affecting a U-rich region upstream of the AUG initiation codon. It should be noted that the regions containing the SD and the gag initiation sites of HTV-1 may also form alternative mutually exclusive structures (24) . There are indications that the monomer is more efficiendy translated than the dimer in RSV (5, 34) and in HTV-1 (24) . Preliminary experiments suggest a similar behavior in MoMuLV (A.C.Prats, J.L.Darlix, unpublished results). If tiiis is confirmed, it can be assumed that translation may be modulated by dimerization-induced allosteric transitions. This assumption is biologically relevant since recent findings showed mat dimeric genome can bei found in the cytoplasm of cells infected by Avian Reticuloendotheliosis Virus (35) . This point has to be investigated in more details. One fundamental property of RNAs is their versatility and their capacity to assume conformational transitions that represents the basis of structure/function relationships. Our results fully illustrate this principle and points to a possible role of dimerization in inducing conformational switches that might modulate viral functions.
